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AB9TRACT

Th8 vaporization of ● sphorloally sjmmotrio liquid droplot homogonooualy hoatgd
by ● high-intonalty laser pulse la inveatilgmted on tho baals of a hydrodynamlo

cleaoriptlon of the ayatem oompoaed of thd vapor and ●mbient gas. In ~ho limit of
oonveotiv~ vaporization, the boundary oonditiona ● t tho fluid-gas interfaoe ara
formulated by !:ing the notion of a Knudsen lay,r ●oroas uhioh translational
●quilibrium la ● !tabllahod. Numcrioal aqlutiona to tho hydrodynamic ●quatlona
●xhibit the ●xlb.onoe of two shook wavom propagating in oppoaito dirootlona with
?eapaot to th~ aontaot dlaoontinulty thaU a@pmratoa tho ●mbiant gas ●nd vapor.
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I. Introduction

A wide variaty of effeats oan influence the evaporation of aerosol droplets by

,Intenae eleatromagnotio radiation. The evaporation of’ a droplet by irradiation with

● l~ng pulse of low enargy is controlled by the processes of heat oonduation and

vapor diffusion. This oaae of isobaric vaporization, In whioh a pressure wave

induaed in the surrounding gaa in response to the ❑ ass and heat addition can be

neglooted, IS fairly straight-forward and lends itself to detailed numarioal

computations.1-3 However, when ● droplot ia irradiated brith ● short pulse of high

energy density, the resulting phenomena are, more eomplox and ❑ore diffioult to treat

, theoretically. With oonveotive evaporation! being a dominant process, sufficiently

,large droplctn will undergo ●xplosive vaporization,4-5 oreating shook waves.

ITyploally, when tho dropl~t radius does notl exoeed 10 urn ●nd the irioident-flux level

,1s in th@ range of 103-105 W/am2, dlffumival evaporation 18 dominant; for fluxes
I

‘roaohing 107 W/am2 the evaporation boaomoa :aonvootiv~ ●nd shook formation is

important. ‘ 6-7Tho ●xporimonta of Kafalao ●t all. provida olassio ●xamples of ahook

‘wavoa produaad by ●XP1O8IVO vaporization.

In this paper we extend ● provioua ana lyaiae of low ❑aaa-flux vaporization

~produa~d by low-irradianoo pulsed beams to ‘tho oaae of high-irradianoo

1I aub~iarosoaond pu~seo whora tho low mass fl x hypothoale aan no longer by justlfiad.
I

In terms of tho droplet-radius va. beam-irr:adianoe phenomonology rcglmas disauasod

by Roilly9, the oonveotivo mass flux regim~ will b. analyzed in this pap-r. Ve do
I

,not treat the higher irradianao rogimo for lwhioh tho droplet shattering ●nd faat

ablation proooasoa booomo ●ignlfloant.
I

III, Hydrodynamic De80riDtion I

I
I In this saation, w. formulato the hydr’odynamioal dea~ription for tho vapor ●nd

ambient gaa in tho ro~ion oxtornal to tho evaporating droplot. The aaaumption that

the oonditiona on the droplet ●urfao@ aro qniform (uniform hoatlng of the ‘Iroplct by
I

‘tho radiation), aupplamontod by th~ Knuds@~ layer jump oonflltlons’” ●t the droPlet

boundary, leads to a aompl~to droplet phasq ohangc ❑od~l. Tho ,jump oonilitiona for

1
,tho temporaturo ●nd tho vapor density or. J,ound to be ● fufiotion of the vapor Haah

1

!numbor. a fro. parameter in Knight’s tnaly~ls. 10 Knight d,tormines the Maoh numbar

4for tho osso of ●II idealized flow field ●d aocnt to ● vaporizir,g ●urfaoc. For tha
1

prosont problam of ●n ●vaporating rlroplot, tha flow btaomea non-ur,iform ●t later

2
J.._
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times as the initial shock wave weakens. For intense

beoomes Supersonic at early times and it may be shown

conditions, the boundary conditions may be determined

--
irradiation, however, the flow

‘ that, under these

independently of’ the external

flow field, This implies that the idealized flow field assumed in our ❑odel plays a

role in the determination of the droplet boundary conditions only for the earliest

times where it represents a reasonable approximation. At later times, where the

actual flow is markedly different from the idealized flo~, the boundary conditions

may be determined independently of the idealized flow.
t

III. Numerioal Solutions

We heve abtained numerioal aolutiona to the hydrodynamic equations external to

an intensely irradiated evaporating droplet. The numerioal solution prooedure la

embodied in the CONID’2 computer program, whioh solves these equations by finite

differ~noe methods. The solution prooedure is based on the ICE (~mplioit

~ontinu~us-Field ~ulerian13 ●nd the ALE (Arbitrary ~igrengian-~ulerimn) 14 numerioal

❑ethods. The ICE method alloua the effioient solution of both low and high Maoh

number floua with tho same oomputer program. Thus, CONID oan solve both oonstant

I
pressuro ●vaporation and ●xploaivo evaporation oea~a. The ALE ❑ethod alloua tho

user gr~at flexibility in moving or rezonlltg the oomputatlonal ❑esh. This flexi-

bility ia uaod in the osloulationa of this’ psper to rezone the mesh to follow the

reoedlng droplot surfaae.

We aonslder the aaae of evaporating water droplets in ●n ~mbient ●tmeaphere,

modeled as a mixturt of oxygen and nitrogon. The 8nergy deposition is due to a

time-dependent radiation flux F, aaaumod to havo the form of ● Gaussion laaor pulse

F(t) ■ FHAX ●xp[-(t - to)%2tp~l , (1)

whero FMAX la the pomk value Of the flu:.

FigurQm 1-6 illustrat~ tho raaults of CONID aaloulations for tho oaae of a

10um dropl@t, with the pulac aharaotorizod by the values of FHAX ■ 1.52x109U/om2,

to m 1.5x10-7 s, ●nd tp , 5.0xIC-8 SI the Iaeer wavelength is 10.6 ~m.

Figures 1 and 2 illustrate th~ apatlsl dep@nfJonoe of four hydrodynamic

variables, the pr~asuro (ln logarithmic unite), the temporature~ th~ maaa-averafled

velooity, ●nd the vapor IEaas fraotion. Figure 1 la a snapshot taken at t ● 0.224 pa

(after 270 oyoles), whereea Fig. 2 la takep Qt t ■ 0.269 us (~ftcr 130 aYolaa~.

Both th~sc ayoles oorroaponil to tlmoa from’ the traiiing ●dgo of tho pUlaOt In maah

oaao, the droplet 1s ●t ●mbient oonditiona prior to the ●rrival of the PUISO at

—.. . . ... .. .— -.-— — --------- .-.. — --— —— .-— .. . ..-. . .
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t : 0. The radial QOOrdinatt3 i3 mea~ured from an Origin at the 9UrFace oF the

evaporating droplet. For the. case cf a 10 pm droplet, the radial variable ranges to

20 droplet radii.

Tho two anapahots shoun in Figs. 1 and 2 oapture the medium surrounding the

irradiated droplet at times when several hydrodynamic features of interest may be

identified. These are indiaated in Figs. 1 and 2 (on the veloaity curves only) by

tho five letters A through E. Moving outward from the droplet aurfaae, the five

regions ● rac A - region of aupersonlo ezpansion~ B - baokward-faoing shook wave;

c - trmnaition region aeparatlng the baoks~rd- from the forward-faoing shook wave;

D - foruard-faoing (initial diaturbanoe) shook wave; E - undiaturbod ❑edium ahead of

forward shook. An inspaotion of th@ veloolty ourvos shows the large negativa

velooity gradients in B ●nd D that indioate tho preaenoo of shook waves, and tho

I poaltlvo VQ1OO1CY gradient in A that aaaompaniaa the aupersonio rare-faotion fan.

Tho baokward-faolng shook 18 a refleated shook that la produaed uhcn tho supar-

sonioally ●xpandlng ■atorial in region A oallldoa with tho high prgaaurg matarial in

I
~ r~bion C. 3oth tho foruard-faoing ●nd roflaatcd shooka aro propagating away from

! tho droplot aurfaoe (to the righb), but thq rofl~otod shook ❑ay ba aeon to b.

‘ propagating to tho loft rolativ~ to tha mowing vapor in B. Th@ t?anaition region c
I

doontalna tho ountaot tliaoontinuity and, ad itionally, ●xhibits ●n int~rtating

< trafialtlon from oomproaaion (nogatlve voloaity gradi8nt) ●t t g 0.224 pa to

●xpanaion (poaitivo volooity gradient) at b ~ 0.269 ua. Th@ tomporatur~ ohangom

ooourring in C during this period ●r@ in aaoord with tha laantropia naturo of this

aompr@asion and ●xpanaion proaoas. W. fin;lly not. that diaparslvo arrors in tho

, numariaal oaloulations hsve produaod #ov@rdl non-phyaloal aomputatlonal artifaotss

notably tho apurlous peaks at tho A-B boundary of tho pr~sauro? tomporatur~, and

valo~lty ourvcs, and tho Y > 1 region of tllo mama fraotion ourvos.

Flguras 3-6 llluatrato th~ apatio-tom~aral dopanfJonoa of tha four hydroflytiamia

variabloo, PO 7, u, and Y, for tho same droplot-baam ayatom doeoribod in Figs. 1-2.

Tho flva rogiona dosaribod in Flsa. 1-2 may b. raadily itlontlfiod in Figs. 3-6.

Notioo in particular how tho shook struutufto dotaohaa from tho droplgt boundary ●t

early tlmoa ●nd propa~atoa into tho aurroufiding medium. The baokward-faoing shook

lls particularly ●vidant in tho tomporaturo~rlot~ Fig. Q. Examination of tha

volooity plot, Fig, 5, ol~arly rovaala th~ahangoa ooourring in tha tranaltion

region C from oompraaaion ●t ●arly timoa to rtr~=faotlon ●t later timoa. Finally,

-“ .-— —-— -——-4—-..— ---- —.— —..,.—



the computational artifacts are evident in these figures aa sharp ridgey an the

oth~rwlse smoothly varying hydrodynamic features.

IV. Conoluaions

Under the assumption of homogeneous heating, we have developed a theoretical

model for rapid droplet vaporization into the surrounding ambient atmosphere. The

equationa of hydro-dynamias hava been solved in the region adjaaent to the droplet

in the oonveative regime, established uhen the rate of energy deposition is

auffioiently high. For 10 urn droplets, this requires the laaer flux to exaeed 107

U/am2. At high evaporation rataa, the notion of the Knudsen layer enables ua to use

approximate jump oonditiona at the droplet-vapor interfaoe. Sinoe the diffusive

evaporation remaina unaoaounted for, our theory does not provide 8 amoet.h transition

, to the lou-flu~ regime. Still, the regime of aonveotive vaporization inoludea a

~ variety of parameters of preotioal intares(l in the plane having laser flux and

; droplet radiua ●a ●xes. Within the limitauiona of our ●pproaah, Ua have found a

oamplax hydrotlynamio solution for the system oompoaed of the vapor and ambient gaa.

\ In particular, in nontraat to a standard d~aoription of the propagation of ●

1
flisaontinuity in planar geometry, 15 we hav< shown the exiatenoe, lergely beoauae of

the spherioal geometry, of two shook waves !moving in opposite directions with

/ rempmot to the aontaat discontinuity surfaqo. These shook waves are aeperatod from

tho dro.let surfaae by ● aupersonio rmrefa~tion fan.

I, Future reaearah should provide ● transition to the iliffuaivQ vaporization

drcgimo, as well aa the description of nonu iform heating. Roaent ●xperiments of

Qian, ●t ●l.16 d~monatrete the ●xiatonoe OU hot spots inside of tho wa:or drops. To

aoaonpllsh the #oala of this progrkm, howe~er, one would need to solve tho hydro-

dynmmia ●quations bcth inaidc and outaido
1

ho droplet. The dyncmiaal aoupiing

botuoon tho ●leotromagnetio field and the tl~drodynamioa :s alao aigni:ioant, ●a haa

boon reoently shown by Chitanvia.17
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FIGURE CAPTIONS

1. Proauurej temperature, volooity, ●nd ❑~as fraotion ●a a lunotion of distanae
I

from the oenter of th@ drop. Tha p~ak ‘laser flux FHAX ●

1

1.52x109 W/om2# pulse

width tp ● 5.0110-8 s. Tho OYOIQ 270 orretipouda to tho time t = 0.22UX10-6 a.

2. Saint ●n FIc. 1, but ayole 330 oorroapo~ding to t ■ 0.269x10-6 a.
I

3* Spaoe-timo Uop@ndenoe of pr,aaurt (logdrithmi~ units).

4. Spaoe-timo flepenclenoe of temperature.
I

5. Spaoe-time dependenoo of maae-averaged ’velocity.

6, Spaoe-time depcndeno. of vapor mace friot:on.

I
I
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